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THE EFFECT OF THE AITGLE OF AFTERBODY KEEL Oil 
TEE WATER PERFORMANCE OF A FLYIITQ— BOAT HULL MODEL 
By John !£. Allison 



SUHIIARY 



ST.A.C.A. model 11-C was tested in the 1T.A.C.A. tank 
according to the general method with the angle of after- 
tody keel set at five different angles from 2~l/2° to 9 , 
but without changing other features of the hull. The re- 
sults of the tests are expressed in curves of test data 
and of nondinensional coefficients. 

At the depth of step used in the tests, 3.3 percent 
beam, the smaller angles of afterbody keel give greater 
load-rcsi s tanco ratios at the hump speed and smaller at 
hich. speed than the larger angles of afterbody keel. Com- 
parisons are made of the load-resi 3tance ratios at several 
other points in the speed range. 

The effect of variation of the angle of afterbody 
keel upon the take-off performance of a hypothetical fly- 
ing boat of 15,000 pounds gross weight having a hull of 
model li-C lines is calculated, and the calculations show 
that the craft with the largest of the angles of after- 
body keel tested, 9°, takes off in the least time and dis- 
tance. 

IITTRODUCTIOIT 



The afterbody and forebody of the hull of a flying 
boat act together to produce the total hydrodynamic lift 
and resistance. At rest, and at low speeds, the forebody 
and afterbody together supply the buoyancy required to 
keep the hull afloat. With increase in spaed, the bow 
rises and the afterbody surface runs in the water at a 
positive angle of attack favorable for lifting. After the 
hull risos on the step and planing begins, the afterbody 
no longer plays an important part in providing lift, but 
it may be a source of considerable resistance if it runs 
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near enough to the surface of the water to "be struck "by 
spray thrown hack fron the planing forebody. 

The general effect of change in the angle of after- 
body keel upon the water performance of models of flying- 
boat hulls had been observed in testing a number of mod- 
els, but it could not be determined quantitatively in 
those tests because it could not be separated from the 
effects of other changes. Those tests have been made with 
a model of generally conventional form in which the angle 
of afterbody keel can be changed without changing the rest 
of the model. 

DESCRIPTION OP MODEL 



H.A.C.A. model 11-C, the offsets for which are given 
in table I t was used in these tests. As shown in figure 
1, this model was made in two pieces joined at the step 
and was so arranged that the angle of afterbody keel could 
be changed by inserting wooden wedges of suitable taper 
between the afterbody and forobody. The angle between the 
afterbody keel and the base lino is taken as the angle of 
afterbody keel; the angle between the forebody and after- 
body keel lines will be 1° more than the angle of after- 
body keel* as defined. The distance from the step to the 
after end of the afterbody, or sternpost , was kept con- 
stant for all the changes investigated. 

The model was built of laminated mahogany with a tol- 
erance of Cp02 inch on dimensions below the chines. ■ The 
surface was finished with several coats of gray enamel 
rubbed smooth.- The settings of the angle of afterbody 
keel are believed to be accurate to ±0«15°. For conven- 
ience, each change of setting was given an identification 
number following the 11-C as follows: 

Angle of aft erbody keel 

.2-1/2° . 

4° 

5-1/2° 
7° 
9° 



Model 
11-C- 7 
11-C- 8 
11-C 
11-C- 9 
11-C- 10 
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APPARATUS JUTE TEST METHOD 



The xI.A.C.A.. tank and its equipment used in these 
tests are described in references 1 and 2, The tests were 
of the "general" type in which the model is towed at a 
number of constant speeds at different fixed angles of 
trim and at different constant load3. 



RESULTS 

The net values of resistance and trimming moment are 
plotted against speed in figures 2 to 33 and include the 
air drag on the part of the model above the water, The 
center about which mordents are taken is shown in figure i. 
A positive trimming moment is one that tends to increase 
the trim angle; that is, to raise the "bow* Trim angle in 
this case is the anglo "between the base lino and the water 
surface . 

Precision.- The test results as represented by the 
faired curves are believed to be accurate within the fol- 
lowing limits: 

Resistance ±0 .2 lb. 

Load ± .3 lb. 

Speed ± .1 ft./ sec. 



Trim angle ± .1° 

rimming moment ±1 lb. -ft. 



m 



Derived data.- The nondimens ional coefficients used 
are as follows: 

Speed coefficient, Cv - r 

v vW 

Resistance coefficient, = 

A 

Load coefficient, - — j 

Trimming-moment coefficient, C u = 

** wb 
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A is load on water, Id. 
B, water resistance, It. 
U, trimming moment , lb. -ft. 

w, specific weight of v;ater (63.5 lb. per cu.ft. 
for water in the 1T.A.C.A. tank), 

g, acceleration of gravity, ft. /sec. 2 

b, "beam of hull, ft. 

V , speed , f t . /sec. 

These coefficients may be vised with any consistent 
system of units. 

Figures 34 to 38, in which C R is plotted against 

at "best trim an^le T Q , with CA & s a parameter, are 

developed from the original resistance curves by cross- 
plotting. The points for the A/S carves of figure 39 
are calculated directly from figures 34 to 38. The maxi- 
mum trimming- moment coefficient curves of figure 41 are ob- 
tained from the maximum positive values of trimming moment 
for each angle and load in figures 2 to 32. 



DISCUSSION 



Sesis tance ...charac^t er ist^ics^.- In figure 39, the load- 
resistance ratio A/r is plotted against CA for each 
angle of afterbody Iceel with the values o~ ? the parameter 
Cy chosen to "bring out a performance comparison at vari- 
ous speeds. Figure 40 presents the same information but 
with A/R plotted against angle of afterbody heel. At 
hump speed, A/E decreases with increase in angle of af- 
terbody heel. The percentage decrease is greater for the 
larger values of C£. At Cy =4.5 and Cy = 6.0, large 
improvement is obtained by increasing the angle of after- 
body heel from 2-l/2° to 5-l/2°. Any further increase 
produces a much smaller improvement. At Cy = 3.5, which 
is intermediate between hump and high speeds, the small 
angles of afterbody tool have the best values of A/R, 
but the trend is less marked than at hump speed. 
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The increase in A/R ratio at the hump speed result- 
ing from a decrease in angle of afterbody keel probably 
results from the additional lift given by the afterbody 
surface running at a more favorable angle of attack* This 
additional lift helps raise the hull out of the water, 
thus decreasing the wave-making resistance. 

At speed coefficients of 4.5 and S.O the fore body 
carries practically all of the load while the afterbody 
contributes only frictional resistance; high angles of af- 
terbody keel result in higher A/R ratios because they 
reduce the area of afterbody surface struck by water coming 
from the step. 

Tri mm in g- moment characteristics.** The large lift pro- 
duced by an afterbody bottom surface running at a high 
angle of attack causes the center of pressure of the water 
forces to move aft. Consequently, the smaller the angle 
of afterbody keel, the greater the angle of attack of the 
aftcrbottom surface for a given trim and the farther aft 
the center of pressure will move. For example, in the 
curves for T = 9° and T = 11° (fig. 41) the center of 
pressure has moved so far aft that the maximum moment is 
negative for all loads. 

T r im-angle characteristics.** The best trim angle at 
the hump decreases but slightly in magnitude with decrease 
in angle of afterbody keel. At high speeds, reducing the 
angle of keel appreciably decreases the best trim angle. 
The difference in best trim angle between two of these 
hulls is, however, numerically less than the difference 
in their angles of afterbody keels. Therefore the after- 
body of small keel angles will run closer to the surface 
of the water, 

St at i c charact erist ics.- Figures 42 and 43 are plot- 
ted from test data. In figure 42, the trimming moments at 
rest are plotted for the various settings of angle of af- 
terbody keel. Those curves are useful for estimating the 
magnitude of the -effect of a change in angle of afterbody 
keel upon the attitude at rest of a hull of this type. 
The center of moments used was that shown on figure 1. 
Figure 43 consists of curves showing the drafts at rest of 
each model for different trim angles and loads. The small- 
er the angle of afterbody keel, the higher in the water 
the hull will tend to float owing to the buoyancy supplied 
by the afterbody. 
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S£.?lQZ.-.?.^L?Lrac t er i^s t_i c s _ , anA.£6?*^l • pho- 
tographs of the models running in the water show that the 
spray characteristics are affected "07 changes in the an- 
gle of afterbody keel* Tr>e effect is shown in the en- 
larged photographs (figs. 44(a) to 44(d)), which compare 
model ll-C-10 (9° angle of afterbody reel) and 11-0-8 (4° 
angle of afterbody keel) at the same trim angle (7°) and 
load, and at approximately the sane speed. When compar- 
ing the pictures of the bow (c) and (d), it will be ob- 
served that the bow wave in (c) (9° angle of afterbody 
keel) is considerably higher than that in (d) (4° angle of 
afterbody keel). Drafts observed at this speed (slightly 
below hump speed) show the model in (c) to be riding deep- 
er in the water than the one in (d). The resistances were 
22,9 pounds for model ll-C-10, shown in 44(c) and 13,9 
pounds for model ll-C-8, shown in 44(d). Pictures of the 
sterns of the sane models under the same conditions are 
shown in 44(a) and 44(b), respectively. The afterbody of 
the model in (b) is running at a larger angle of attack 
and producing more lift than the one in (a) as evidenced 
in the photograph by the heavier waves at the stern. The 
bow wave of the model with 9° angle of afterbody keel (c) 
is slightly higher than that of the model with 4° angle of 
afterbody keel (d), thereby verifying the condition ob- 
served when comparing (c) and (d)« The photographs in 
figures 45(a) and 45(b) furnish a basis for the comparison 
of the same models running at 9° angle of trim, 40 pounds 
load, and slightly above hump speed. Ko&el ll-C-10 shown 
in 45(a) with the larger angle of afterbody keel has its 
afterbody clear of the water while the one in 45(b) ll-C-8, 
does not. The resistances were 8.8 pounds and 9.3 pounds, 
respectively. 

Hiding on the afterbody occurred during the testing of 
model ll-C-7 (2-l/2° angle of afterbody keel). In this at- 
titude the step is entirely out of the water. The dotted 
line on the resistance curve for a load of 5 pounds (fig. 
6) shows how the resistance drops, beginning at a speed of 
35 feet per second. At a trim angle of 7° and loads of 30 
and 40 pounds, this model rode on the afterbody at all 
speeds above 25 feet per second. A full-scale hull of a 
flying boat could not be made to ride on the afterbody be- 
cause the control moment required to hold the attitude 
would be too great. 

Take-off example. - The effect of changing the angle 
of the afterbody keel can be seen from the following ex- 
ample. A hypothetical flying boat is assumed to be fitted 
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successively with five hulls each similar to one of the 
model 11-C forms that were tested. Aside from the hull 
each corahination has the following characteristics: 

Gross load 15,000 Ih. 

Wing area 1,000 sq.ft. 

Horsepower (two engines) . . • 1,240 

Effective aspect ratio 

(with ground effect) 7.0 

Far as ite-drag coefficient 

(excluding hull) 0,05 

Airfoil Clark Y (data taken 

from T .H. ITo • 352 , 
17.A.C.A.) 

Propeller diameter 10 ft. 

Propeller pitch angle 



(fixed pitch at 0.75R) ... 19 



o 



A wing setting of 8° was used in all cases in order 
quickly to transfer the load from the hull to the wings. 
The curves for thrust , total resistance (air plus water), 
and air drag are shown in figure 45. The thrust was cal- 
culated from the charts of reference 3. 

The calculated performances of the flying "boats com- 
pare as follows: 

Hull ll-C-10 ll-C-9 ll-C ll-C-8 ll-C-7 

Angle of after- 
hody keel, deg. 9 7 5-l/2 4 2-l/2 

Beam, ft. 8.075 3,075 S.C75 3.075 8.075 

Tako-off time, 
sec. 27.2 38.4 28.7 35.7 

Take-off run, 
ft. 3460 3540 3830 5140 
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It will "be seen that at a speed of 85 feet per second 
the resistance of the craft with the 2~l/2° angle of after- 
body keel exceeds the thrust and does not fall below the 
thrust until a speed of 95 feet per second is reached. 
With this hull the craft will not take off. 

The tabulated values of take-off t ine and distance 
indicate that little additional improvement can be ex- 
pected by increasing tho angle of afterbody keel beyond 9°. 

Figure 45 shows that sotting the afterbody of the hy- 
pothetical hull at a small angle causes a decrease in ex- 
cess thrust that extends over a considerable portion of 
the high-speed range; whereas, the gain in excess thrust 
at the hump extends over a small range of speed. If larger 
thrust had been assumed, the high-speed resistance peak 
would have boon less critical and the advantage shown by 
the larger angles of afterbody keel would have been re- 
duced, 

CONCLUSIONS 



These conclusions are based on tests of models having 
a depth of step of 3.3 percent of the beam. Changing the 
depth of the step will produce effects that were not pres- 
ent in these tests. 

1. A small angle of afterbody keel is favorable for 
low resistance at low speed and a large angle is best at 
high speeds. 

2. Tor the hull tested, having a load coefficient 
C£ of 0.4 at the hump, the optimum angle of afterbody 

keel is near. 9°. 

3. A small angle of afterbody keel reduces the maxi- 
mum positive trimming moment. 

4. A hull with a large angle of afterbody keel has 
a larger best trim angle at high speeds. 

Further tests are planned in which the anglo of after- 
body keel will be varied up to 15° for each of several 
depths of step. 

Langlcy Hemorial Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Ta., July 10, 1935. 
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Fig. 1 




"H.A.O.A. Ttahnioal IoM lo. 541 fi^a. 3,3 




I.A.O.A. Twlmioal Iot« lo. 541 



rig. 4 




V.A.O.A. TaoDnioal lot* Ho, 541 



tiff*. 5,8 





I.A.C.A. T*ofanlo*l Vot« Ho. 641 



rig. 0 




V.A.O.A. Ttohnioal Hot* Ho. 941 



rig. 7 




I.A.C.A. T«chaio*l lot* lo, 541 Tiff., a ,10 




I.A.O.A. Teofaoleal lott Vo. 541 



Fig. XI 




I.A.O.A. T«olmlQ*l Vota lo* 541 



rig. la 




I.A.O.A. T»obnio«l Hot* lo. 541 




V.A.O.A. Technic*! lot* Bo. 541 



Fig*, 14,15 
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Fig. 16 



Parameter's load on water, rb. 




Speed, f.p.s. 



Figure IS -Resistance and trlnning mccieat, t = 2°. Model 11-C. 
1° 

(5-5- angle of afterbody keel). 



I.A.OU.Ttofaoloal Vot« So. 641 



Fig. 17 




I.A.O.A. Ttohnioal Hot* lo. 541 



rig. is 




I.A.G.a. Ttofcnioal Hot* Bo, 641 



'iff. 18ft 




I.A.O.A. Twtanlotl Iot« lo. 541 



rig. i9b 




•A.O.A. T«o2mlo*l 3ott No. 541 



rigs. 20a, 30b 





Fi, rare 21 .-Resistance and trirxiing ncnent, - = 11°. Model 11-C. 
5l° angle of afterbody keel 



5.A.O.A. T*o2fflioal Hot* Io.341 



figs. 23,33 
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rig. a* 




I.A.O.A. Tsoimlcja Hot* lo. 541 



rig. as 
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Figs. 86,37 
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fits. 38,29 




I.A.O.A. T«ohalotl lot* I©. 641 



Fig* 30 
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t.A.O.A. T«ofaalofcl lot* lo. 541 



*lg. 31 




I.a.O.a. Taotaaloal lot* Vo. 541 



ttfft. 34,36 




rigura 35.- Rttietaaoa ooafflolant at baat txin anglt, Modal ll-C-a (4<> «ngla of tfttrbody kail.) 
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Fig. 36 




37,38 




Mpae 37.- > M 1.Um. oQ.mol«t at b..t trl7«gl., Hod.l u-O-B (7° ugl. of aft.rbody k~l.) 
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Fig. 42 




-4-2 0 2 

Trim angle, degrees 



6 -4 -2 0 2 4 6 
Trim angle, degrees 



Figure 42rStatic trimming moments for various angles of afterbody keel. 



N.A.C.A. Technical Note No. 541 



Model 11-0*10 
9° Angle of afterbody keel 




(a) Load, 100 lb., 

speed, 12.8 f.p.s. 

r = 7° 



Fig. 44 



Model ll-e-3 
4° Angle of afterbody keel 




(b) Load, 100 lb., 

speed, 12.0 f.p.s. 

T = 7° 




speed, 12.8 f.p.s. 

T » 7° 



, -ww lb., 

speed, 12.0 f.p.s. 

Ts 7© 



Figure 44.- Photographs of spray 
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Model 11-0-10 
9° Angle of afterbody keel 




Model ll-C-3 
4° Angle of afterbody keel 





(a) Load, 40 lb*, 

speed, 19.4 f.p.s. 
t « 9° 




(b) Load, 40 lb., 

epeed, 20.0 f.p.s. 

T = 9 0 




(0) Load, 40 lb., 

epeed, 19.4 f.p.s. 

T - 9° 



(d) Load, 40 lb., 

speed, 30.0 f.p.s. 

T .go 



Figure 45.- Photographs of spray 
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